Introduction
The tropospheric zonal flow consists of two dynamically distinct jets: the subtropical jet, and the mid-latitude eddy-driven jet. To first order, the subtropical jet results from angular momentum transport by the Hadley circulation (Held and Hou 1980) , which is driven by thermal convection. The subtropical jet exists at the poleward boundary of the Hadley circulation. The eddy-driven jet results from the eddy-momentum flux convergence of baroclinic waves that develop in a region of enhanced baroclinicity (Held 1975; Rhines 1975; McWilliams and Chow 1981; Panetta 1993) . Eddy-driven jets typically develop in mid-latitudes because baroclinic eddies are most prevalent in mid-latitudes, as seen by the time-mean location of storm tracks. The time-mean tropospheric zonal flow at most longitudes can be described in terms of the strength and position of these two jets.
Recently much progress has been made in understanding the variability of the zonal-mean state. Much of this research has been motivated by Gong and Wang (1999) and Thompson and Wallace (2000) , who demonstrated that the structure of the leading mode of low-frequency variability in the Southern Hemisphere strongly resembles that in the Northern Hemisphere. This result was quite surprising considering the large differences between the two hemispheres in terms of topography and land-sea contrasts. Limpasuvan and Hartmann (1999) named these leading modes the Southern Annular Mode (SAM) and Northern Annular Model (NAM), collectively the annular mode, because of their near zonal symmetry. The annular mode is defined as the leading empirical orthogonal function (EOF) of geopotential height in the lower troposphere over the extra-tropics of either the Northern or Southern Hemisphere. In terms of the zonal-mean zonal wind, the annular mode describes latitudinal shifting in the position of the eddy-driven jet (Lorenz and Hartmann 2001, 2003) . Lorenz and Hartmann (2001, 2003) provide a thorough explanation of the eddyzonal flow dynamics associated with the annular mode. Specifically, they demonstrate the existence of a positive eddy-zonal-mean flow feedback. The positive feedback between the eddies and the zonal wind anomalies accounts for the increased persistence and variance of the annular mode over other patterns of variability. Thus, the annular mode results as the leading mode of variability because the eddies reinforce the annular mode.
Many questions remain unanswered concerning the zonal asymmetries of the annular mode. In the Southern Hemisphere the annular mode is nearly zonally symmetric, but the NAM exhibits strongest amplitude over the Atlantic sector with a weaker center of action over the Pacific sector. A dynamical explanation for this behavior does not exist and is the main investigation of this study.
The next section contains an analysis of Northern Hemisphere January-mean observational data that highlights the differences in the zonal jet structure and leading mode of variability over the Atlantic and Pacific sectors. Results from the observational analysis provide motivation for a series of model runs described in Section 3.
The numerical simulations investigate how the structure of the zonal-mean flow affects the leading mode of variability. Section 4 concludes with a comparison between the model and observational results.
Observations
In this section, we investigate the zonal asymmetries of the Northern Annular Mode using observational data. Specifically, we concentrate on the differences between the zonal flow and the leading mode of variability over the Atlantic and Pacific sectors. 2b. Hemispheric Analysis Thompson and Wallace (1998) originally defined the Northern Annular Mode (NAM)
2a. Data
as the leading empirical orthogonal function (EOF) of winter monthly-mean 1000 hP a geopotential height (via SLP data) poleward of 20 • N. Wallace (2000) then demonstrated that the leading EOF of the zonal-mean zonal wind is basically the same as the traditional annular mode. Furthermore, Lorenz and Hartmann (2001) showed that the principal component (PC) times series associated with the leading mode of the tropospheric zonal-mean zonal wind in the latitude-height plane matches very well with the PC time series of the vertical-average (from 1000 to 100 hP a) zonal-mean zonal wind. Figure 1 shows the leading EOF of January vertical-average zonal-mean zonal wind along with the time-mean zonal-mean zonal wind. The EOF is shown by regressing zonal-mean zonal wind anomalies onto the standardized PC time series of the vertical-average zonal-mean zonal wind, ū . The zonal-mean zonal wind anomalies are weighted to account for the decrease of area toward the pole (North et al. 1982b ).
To facilitate comparisons with our model results, we will use 12Z daily instead of monthly-mean observational data. The leading EOF explains 36% of the variance and is unique according to the North et al. (1982a) test. (All leading EOFs shown within this paper pass the North et al. (1982a) criterion for uniqueness at the 95% level.)
[ Figure 1 about here.]
The dominant feature of the leading EOF shown in Figure 1 is the familiar dipole pattern centered on the latitude of the eddy-driven jet. (Although the strongest zonal wind values occur in the subtropical jet at 200 hP a and 30
• N, the surface westerly wind maximum marks the location of the eddy-driven jet (Lorenz and Hartmann 2003) .)
Thus, the leading EOF of the hemispheric zonal-mean zonal wind describes north/south shifting in the position of the eddy-driven jet. A weaker third center of action is apparent at high latitudes, centered at 72
• N, that is not seen when using monthly-mean data. Despite this difference, the dominant feature of the leading EOF and its association with the time-mean flow remains the same whether we use monthly-mean or daily data.
2c. Sectoral Analysis
Next we compute the leading mode of variability over the Atlantic and Pacific sectors individually. The Atlantic and Pacific sectors are defined according to Ambaum et al. (2001) . The Atlantic sector extends from 300 • E to 0 • , and the Pacific sector spans from 150 • E to 240
• E. The results presented below remain valid for slightly altered sector definitions.
Our analysis focuses only on the difference of the time-mean zonal-mean zonal flow and its variability within each sector; i.e. we assume that the zonal flow is zonally symmetric within each sector. Thus, the effects of stationary waves, which force zonal variations in the time-mean flow, are neglected. Despite the expected importance of stationary waves, the results demonstrate that the regional zonal-mean flow paradigm can successfully explain observed differences in the variability over the Atlantic and Pacific sectors.
The January-mean Atlantic sector zonal-mean zonal wind, shown in Figure 2 , exhibits a two jet structure in the troposphere. The distinction between the subtropical and eddy-driven jets is very clear, with the eddy-driven jet centered at 47 • N. Figure   2 also displays the leading EOF of Atlantic sector ū , which explains 41% of the variance. A dipole pattern centered on the eddy-driven jet dominates the leading EOF.
Thus the structure of the first EOF of the Atlantic sector zonal wind compares well with the NAM, which describes north/south variability in the position of the eddydriven jet. Although the time-mean flow averaged over the Atlantic sector differs from the hemispheric-mean, the relationship between the time-mean wind and the leading EOF remains the same. Thompson et al. 2002) . In the annular mode perspective, the variability of the Northern Hemisphere is seen as being analogous to the variability of the Southern Hemisphere. In the regional perspective, Northern Hemisphere variability results from locally occurring dynamics, and the observed annular structure of the leading mode of variability emerges merely as a statistical artifact. Ambaum et al. (2001) and Deser (2000) found that the temporal correlation be- However, Lorenz and Hartmann (2001, 2003) In the next section, we develop numerical model simulations designed to investigate the asymmetries of the NAM. The differences in zonal-jet structure over the Atlantic and Pacific sectors motivate the formulation of a hypothesis for the observed differences in the leading mode of variability between the two sectors.
Model Experiments
Results in the previous section reveal that the tropospheric zonal jet structure differs over the Atlantic and Pacific sectors. The differences in the zonal-mean zonal wind can be associated with known differences in the subtropical and eddy-driven jets. In an analysis of subtropical jet strength, Krishnamurti (1961) found that the subtropical jet is stronger and positioned farther north over the Pacific sector compared to the Atlantic sector during Northern Hemisphere winter. Nakamura (1992) To test this hypothesis, we perform a set of numerical simulations using a simple GCM. The model runs are designed to investigate how the leading mode of variability changes with respect to both the position of the eddy-driven jet and the strength of the subtropical jet. These numerical experiments enable us to examine separately the two main differences in zonal jet structure between the Atlantic and Pacific sectors.
3a. Model Description
The GCM used in this study solves the dry, hydrostatic primitive equations on a sphere. Saravanan (1992) applied to the momentum equations using the following coefficient:
( 1) where z sp = 63 km. The model contains a flat bottom boundary; thus, the effects of stationary waves are not included in our simulations.
Forcing in the model is applied via Newtonian relaxation of temperature to a prescribed zonally symmetric radiative equilibrium temperature field using a height dependent Newtonian cooling coefficient:
where z is the height in km. Thus, the radiative damping time is 20 days in the troposphere and decreases to 4 days at 50 km in the stratosphere.
The radiative equilibrium temperature field, T eq , is defined as
where z T = 6 km, z S = 17.5 km, and w =
. T trop is defined to be equal to the ini-tial zonal-mean temperature field, T 0 , and T strat is set equal to January radiative equilibrium temperature values (Shine 1987) . The initial temperature field, T 0 , is defined to be in geostrophic balance with the initial zonal-mean zonal wind, u 0 . The initial zonal wind field is analytically defined using the equations in Scinocca and Haynes (1998) (see Appendix A). These equations allow the latitude of the tropospheric jet maximum to be specified without affecting the rest of the profile.
As mentioned above, the radiative equilibrium temperature profile, T eq , equals T 0 in the troposphere. Thus, by moving the position of the tropospheric jet maximum in the initial zonal-mean zonal wind profile, φ 2 , we also change the latitude of the maximum meridional temperature gradient of T eq via the thermal wind relation. The latitude of the maximum meridional temperature gradient of T eq defines the position of the extratropical baroclinic zone. The time-mean position of the eddy-driven jet will exist at the latitude of the time-mean baroclinicity maximum. Therefore, the latitude of the tropospheric jet maximum, φ 2 , determines the center of the extratropical baroclinic zone, and in turn, the region within which the time-mean eddy-driven jet will be located. Shifting φ 2 north or south will cause a corresponding shift in the position of the time-mean eddy-driven jet (all other parameters being equal).
Additional forcing is applied in the model using a zonally symmetric tropical heat source. The heating is prescribed as follows, 
3b. Results
In this section, we show results from three model runs using two different initial zonalmean zonal wind profiles. In the first run, denoted J45, the initial zonal-mean zonal wind, u 0 , is defined using the equations in Appendix Therefore, while the leading EOF denotes a meridional shifting of the eddy-driven jet, it also represents pulsing of the upper level jet.
[ Figure 7 about here.]
To better illustrate the differences among the leading mode of variability of the three model runs, we perform a composite analysis of the vertical-average zonal-mean zonal wind. Days when the standardized PC time series is greater than 1 (less than -1) are averaged together to form the high (low) index state. (As before, the sign of the PC time series and EOFs is chosen such that the high (low) index state refers to days when the eddy-driven jet resides north (south) of its time-mean position.) Figure   8 shows the high, low, difference (high-low), and mean states of the vertical-average zonal-mean zonal wind for the three model runs.
[ 
The vertical-average zonal-mean zonal wind is forced only by the eddy-momentum flux convergence and residual forcing, F , which is dominated by friction. Since the leading EOF of the J35-4K model run describes both pulsing and shifting of the jet, it was expected that the feedback strength would be weaker for the J35-4K
model run compared to the J35 and J45 runs. (Lorenz and Hartmann (2001, 2003) showed that meridional displacements of the jet generate postive feedbacks that add persistence to anomalies, whereas strengthening and narrowing of the jet does not.) Figure 9 confirms this.
To determine whether the eddies reinforce the zonal wind anomalies, we calculate the lag regression of the vertical-average eddy forcing, i.e. the eddy-momentum flux convergence. The regressions are averaged over positive lags from day 8 to 30, which allows us to isolate the part of the eddy forcing that responds to the zonal wind anomalies from the initial surge of eddy forcing that creates the zonal wind anomalies (Lorenz and Hartmann 2003) . Since the synoptic waves dominate the eddy response to the zonal wind anomalies (Figure 9 ), our analysis of the eddy response focuses solely on the synoptic eddies. poorly onto the leading EOF. In particular, the eddy forcing is nearly zero south of the EOF1 node, i.e. during the low index phase. Figure 10c suggests that the eddy response to the zonal wind anomalies of EOF1 becomes weaker when the subtropical jet is very strong, especially during the low index phase of the EOF. An explanation for this behavior is found by examining the index of refraction.
[ Figure 10 about here.]
The index of refraction is calculated using the following equation:
where
(Notation follows Andrews et al. (1987) where q is the potential vorticity; N is the buoyancy frequency; H is the scale height, and ρ 0 is density.) Waves can propagate within regions of positive refractive index and are evanescent in negative regions.
Waves also tend to propagate towards regions with larger positive index of refraction values. The phase speed, c, and zonal wavenumber, k, used in Equation 6 are those values that maximize the phase speed/zonal wavenumber covariance spectrum of the eddy kinetic energy at the latitude of the jet core (Randel and Held 1991) . Since waves tend to propagate toward regions of higher refractive index, this implies that waves will be less likely to propagate meridionally away from the source region.
Without sufficient meridional propagation of wave activity away from the source region, the westerly momentum fluxes into the source region (the positive feedback) will be very weak and the westerly wind anomalies will not be self-maintaining (Robinson 2000) . Thus, the eddy zonal-flow feedback is greatly reduced during the low index of These results correspond well with Lee and Kim (2003) who investigated how the strength of the subtropical jet affects the development of the most unstable baroclinic wave in a primitive equation model. In their runs, when the subtropical jet is weak, the waves develop an eddy-driven jet positioned far poleward of the subtropical jet.
Thus, a two-jet zonal wind structure is achieved. When Lee and Kim (2003) increase the subtropical jet strength, the waves develop on the poleward edge of the subtropical jet resulting in a single jet zonal wind structure. In addition, they note that meridional wave propagation decreases as the subtropical jet strength increases. Although we have not investigated the eddy life cycles in our model runs, the results described by Lee and Kim (2003) are consistent with the time-mean statistics presented in the previous sections.
Comparison to Observations & Conclusions
In this section we apply the findings of our idealized model experiments to the real atmosphere. The results from the previous section are used to help understand the differences between the leading modes of variability over the Atlantic and Pacific sectors discussed in Section 2. Comparing the leading EOFs over the Pacific sector when the tropospheric jet is strongest (January, February) against the rest of the winter season (October, November, December, March, April) yields additional support for our argument. Figure 13 shows the regression of 300 hP a zonal wind anomalies onto the leading PC of Pacific sector ū for the two perionds. During the majority of the winter season (ONDMA), the jet maximum, shown by the bold dotted line, is collocated with the node of the leading EOF; thus, the leading EOF over the Pacific sector during ONDMA describes meridional shifting of the jet. When the Pacific jet strength is strongest during JF, though, the jet maximum lies near the center of the negative lobe of the leading EOF.
This equates to the variability being dominated by pulsing of the jet strength.
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A. Initial Zonal-mean Zonal Wind
We use the equations in Scinocca and Haynes (1998) to define the initial zonal-mean zonal wind field. The equations are given as follows:
The stratospheric jet is located at (φ 1 , z 1 ), and its meridional and vertical half widths are given by b 1 and c 1 , respectively. U 0s denotes the amplitude of the stratospheric jet. Similarly, the parameters φ 2 , z 2 , b 2 , c 2 , and U 0t described the position, width, and amplitude of the tropospheric jet. The above equations are suitable for defining a hemispheric zonal-mean zonal wind field, but a global field is required for model initialization.
To create a global initial zonal wind field, we define a zonal wind field for the Southern and Northern Hemisphere separately and then merge the two fields together.
The following parameters are used for the Southern Hemisphere:
• , c 1 = 34 km, c 2 = 7.5 km, U 0s = −70 ms −1 , U 0t = 35 ms −1 , and z t = 7.5 km. For the Northern Hemisphere, φ 2 and U 0t are varied depending on the run, while the rest of the parameters are held con-
• , c 1 = 22 km, c 2 = 7.5 km, U 0s = 80 ms −1 , z t = 7.5 km.
B. Zonal-mean Zonal Wind Tendency
We use a separate model run to calculate the zonal-mean zonal wind tendency. In this model, damping is applied towards the initial state with a timescale of 20 days. The zonal-mean zonal wind tendency is calculated by taking the difference of the initial and final (steady-state) zonal-mean zonal wind fields of this run and multiplying by the 20 day damping timescale. Our zonal-mean zonal wind tendency qualitatively resembles that shown in Figure 1b of Sassi et al. (2002 
